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SUMMARY 



The results of tests of a model of a siugla—Qngin^ :,iv~~< 
plane with two different tilts of the propeller axis are re- 
ported herein. The results indicate that on a typical de- 
sign a 5 C downward tilt of the propeller axis will consider- 
ably reduce the destabilising effects of power. This reduc- 
tion is equivalent to as much as a 0.05 mean aerodynamic 
chord favorable shift of the neutral point for 210Cwhor se- 
power operation (at a C^ of 0.8), For 345 0-hor sepower 
operation the increase in the stability is equivalent to a 
0.10 mean aerodynamic chord shift in the stick— fixed neutral 
point at a Cjj of 0.8* The improvement in handling charac- 
teristics (elevator angle and stick force ys velocity, and 
stick force vs normal acceleration) resulting from these 
effects is evaluated. It is shown that, by use of the tilted 
propeller^ the stick force in accelerated maneuvers can "be 
ve£.VLced. at no sacrifice of power— on stability. 

A comparison of the experimental results with those cora— 
puted by UoG of existing theory i,s included. It is shown 
that the results can be predicted with>an accuracy acceptable 
for preliminary design purposes, particularly at the higher 
powers where the effects are of significant magnitude* 

I NTS ODUCTION 

The designer of a modern pursuit airplane is confronted 
with the conflicting requirements of maneuverability and sta- 
bility and, due to the large effects of power, it- is becoming 
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progressively more difficult to compromise these require-*, 
merits in a single-engine airplane, Jot example* present 
flying qualities specifications call for a low stick force 
per unit normal acceleration and, at the same time, require 
sticfc~f ixed and stick-free stability under flight conditions 
where the effects of power are large (for example, a rated- 
power climb or partial-power approach). A low longitudinal 
stability is conducive to the attainment of the former re- 
quirement, while a high stability (with power off or at high 
speed) is required by the latter* The margin necessary on 
a modern single-engine fighter tends to be so great that in 
order to attain the desired light stick force in maneuvers, 
an unduly close-balanced elevator must be resorted to. 

As an illustration of this point, consider a typical 
single-engine airplane powered with a 2100-hor s epower engine, 
weighing lU s 000 pounds, and with a wing loading of ^0 pounds 
per square foot. With an airplane of normal dimensions a 
forward shift of the neutral point of as much as 10 percent 
mean aerodynamic chord will occur, due to the application of 
rated power at a Cj, of O.g (1^3 mph). If stability is to 

be maintained in this condition, a ^Ora/^L °^ a ^ least -0.10 
must exist power off (or at high speed where the effects of 
power are small) , If the stick force in steady turns is to be 
kept within the limit of g pounds per g (which is required 
for a fighter or an attack airplane), a dC^/dB e of the order 
of -0,001 on a 30^P ercent;< - el,l ord elevator is required. The 
maintenance of this close balance over anything but a limited 
elevator-deflection range will be difficult, and the control 
will be subject to overbalance due to small manufacturing 
deviations in .contour or due to Mach number effects. 

It is apparent that any design change in the airplane, 
which will reduce the destabilising effects of power, will 
permit the reduction of the power-off stability which must 
be built into the airplane* Thus, the attainment of both 
a low stick force per g and stability in high-powered low- 
speed flight will be facilitated. An effective means for 
decreasing the destabilizing effects of power is to give the 
propeller thrust axis a slight downward tilt. A 5° til* on 
an airplane of normal nose length will give the thrust axis 
a moment arm of the order of 0.1 mean aerodynamic chord about 
the center of gravity. On the typical airplane being consid- 
ered, the resulting thrust moment (if fully effective) would 
cause a s t ab i 1 i z i ng increment of -0 . 0-4 in dC^/dC^ at a C j, 
of O.g for climb with 2100 horsepower (T c cs 0.2?) • The sche- 
matic sketch on figure 1 shows that a tilt of this magnitude 
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could "be attained with very little, if any, change in the 
external lines of the airplane. 

In addition to the effect of tilt of the propeller 
arising directly from the propeller forces, there will he 
a secondary effect on the slipstream which also will he 
* benef icial. Since the vertical component of the thrust is 
decreased by tilting the thrust axis downward, the change in 
downwash resulting from this vertical component will also he 
decreased,* The stabilizing effect of the decreased change - 
in downwash cannot he computed readily, hut rough estimates 
indicate that it could he about half as large as the effect 
due to thrust moment. 

Thus, this cursory examination indicates that the for- 
ward shift of the neutral point might he reduced from ahout 
0.10 mean aerodynamic chord with an untilted propeller axis 
to O.O6 moan aerodynamic chord with a 5° tilt (figures given 
for 2100 hp at a 0^ of O.g). However, there was the possi- 
bility that a given geometric tilt of the thrust axis might 
not result in an equal angular change of the line of action 
of the. thrust. There also was a need for verification of 
the computed effects on the tail and a determination of the 
influence of the position of the tail with respect to the 
slipstream. Accordingly, the tests reported herein were 
conducted on a model of a typical single-engine airplane 
with two different tilts of the propeller axis. This report 
presents the results, shows the effects on the associated fly- 
ing qualities, and compares the effects with those computed 
from the hasic theory involved. The symbols used throughout 
the report are define*? in appendix A. 



kODEL AHD APPARATUS 



All tests were run in the Ames 7- x 10-foot wind tunnel 
io» 2 * Figure 2 shows the model mounted in the tunnel r Com- 
ponents of l model of a Douglas (El Segundo) airplane were 
used in the assembly of this model. 

A three-view drawing of the model is shown in figure 3. 
It was assumed to he a 3/l6~scale model of an airplane weigh- 

*The destabilizing effects of power are traceable in a 
large measure to the increase of downwash in the slipstream 
and the resulting influence on the tail pitching moment. 
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ing 14 1 700 poxtnds, wing r^Ct^# ^9>fe> ^Hhe characteristic 
dimensions of the model and the f nil— scale airplane (assum- 
ing 3/16 scale) are given iu the table on figure 3, Th$ 
model was equipped with varied, slotted flaps. It v/ill be 
noted that there are two tail locations: one designated the 
normal tail position, and the other the raised tail position. 
Figure 4 shows the location of those tails relative to the 
fuselage reference line (a line corresponding to an until tod 
thrust axis) # 

Unless specifically stated otherwise all pitching mo- 
ments herein are referred to the 0,25 mean aerodynamic chord 
point, the location of which is shown in figure 3* The re- 
lation of the thrust axis, center of gravity, and wing is 
•given in more detail in figure 1, Tilts of the propeller of 
— 0, 8° and -5. 5 0 were tested* (Negative sign indicates a down- 
ward tilt,) This tilt was obtained 'by rotating the motor 
about a horizontal line passing, through the center of rota- 
tion of the propeller, Thus the vertical posit ion of tho 
propeller was not affected by the tilt. Sufficient clear- 
ance existed inside the cowl no that the motor could be 
tilted without any -alt&r&ti o& of the external lines of the 
model. 

Details of the-horisoatal tail surface are shown in 
figure 5. The tail volume was 0,535, which is believed to 
be in the normal range for this type of airplane. The ele- 
vator was restrained by an electrical— type strain gage which 
was used for the measurement of hinge momexit s. In the coiirpu— 
tatica of stick forces ^rom the hinge moments, a 32° movement 
of a 25, Scinch stick was assumed with the elevator operating 
in a deflection range of 20° to — 30° f With a linear relation 
this 'gives an P/HM of 0,735, 

The model was powered with a lOO-horsepower motor driving 
a four-blade single— rotating propeller. All tests were run 
with the propeller set at e blade angle of 21,0° at the 0,75E, 
The experimentally determined T c against V/nD relation- 
ship for this setting is shown in figure 6, The variation of 
K (propeller normal— force factor) with Y/nB as computed 
from the experimentally determined Cp against V/nD char- 
acteristics of ths model propeller at a 21,00 blade setting is 
shown on figure 7, The assumed full— scale T e against Cj, 
relationships for 920, 2100, and 3450 horsepower (and a wing 
loading of 39,2 lb/ ft*) are shown on figure 8, 
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The tests consisted of a series of runs at constant 
values of \T Cj with flaps up and flaps deflected 38°, 
and with the 'propeller tilted "both -0,8° and ^5.5°. Ihes3 
tests were made with tail removed, tall in its normal p-3- 
s i t i on w i t h se v e r a 1 elevator deflect! on s , a n d tail in t he 
raised position with neutral elevator only* A similar 
series of propeller— removed tests was also made. 

The values of f c were selected so that the thrust re— 
suiting from the use of 345 0 horsepower could he sl&ul&ted 
with flaps up and 2100 horsepower with flaps down. The 
various values of T c were obtained by holding the motor 
power at it;-- safe limit and adjusting the test velocity to 
secure the required T/nD % She test Reynolds number varied 
from 900, 000 to 2,500,000 dependent upon the value of 3? c# 
The results obtained in this fashion were plotted against 
T c as the major variable with angle of attack as a parameter. 
Cross plots were then made for the preselected Tc against 
C L relat ionships ( shown in tig* 8) equivalent to 920, 2100, 
and 3450 horsepower, The results of these cross plots, which 
are equivalent to the conventional constant—power polar s, are 
presented h e r e i n . 



RESULTS AMD DISCUSSION 
Pitching Moment, 'Flaps Up 



The effect of propeller operation on the pitching moment 
of the model (tail in normal position) with two different pro- 
peller tilts is shown in figures 9 to 11 # The shift in neu- 
tral point at various lift coefficients, as determined from 
dC m /dG l about the 0. 25 mean aerodynamic chord point wi th 

elevator deflected for trim, is shown in figure 12 # 

From inspection of these figures the "beneficial effect 
of tilt of the propeller axis is evident. The characteristic 
des tabilizing effect of power is present with the — 0.8° tilt, 
while with the — 5 f 5° tilt it is either considerably decreased 
or entirely el imihat ed , dependent on the load carried by the 
tail (as determined "by the elevator deflection). It will he 
observed from figure 12(a) that, at a of 0.8, the applic- 

ation of 2100 horsepower causes a forward shift in neutral 
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point of 0.10 mean aer o dynamic chord jtfith the —0,8° tilt in 
contrast to 0.05 mean aerodynamic chord shift with the ~ 5.f^° 
tilt. Thus, the beneficial effect of the tilt is equivalent 
to a shift in the neutral point of 0, 05 mean aero^vnamic chord 
compared to the possible 0. 06 mean aerodynamic ottord shift 
discussed in the Introduction. A more extended comparison of 
experimental and computed results is given in the section 
Application to Other Designs. As indicated therein the cor- 
respondence between the computed and experimental results 
varies somewhat, dependent on the power and Cl. However, 
in general, the correspondence tends to be best at the 
higher powers where the effects are greatest. 

From the data presented in figure 13 (for tail off) and 
figure 14 (tail in the raised position), it is possible to 
determine the extent to which these effects are due to the 
direct propeller forces and the influence of the tail height 
on the tail effects. The incremental effect s of the tilt of 
the propeller have been determined from the data of figures 
9, 13, and 14, and are presented in figure 15 in the form of 
AkAO^) against C^. It will be observed that the direct 

effects of the propeller tend to predominate over* the tail 
effects. The increase ia tail height causes a decrease in 
the beneficial effect of the tilt, mainly, because with the 
higher tail position the over— all destabilizing effects of 
power are somewhat less; therefore, there is less to be gained 
by a change. A more detailed analysis of this is given in the 
section Application to Other Designs along with a comparison 
of the experimental and computed results. It is shown there 
that the normal tail is in such a position as to suffer the 
greatest effects of power; therefore, the effect of the tilt 
On the tail pitching moment shown on figure 15 is probably 
the maximum which will be measured for any tail height. 

Pitching Moment, Flaps Deflected 38° 

The effect of propeller operation on the pitching moment 
of the model \rith flaps deflected is shown in figures 16 to 20, 
The location of the neutral point at various lift coefficients 
as, determined from ^C m /dG L with elevator deflected for trim 

is . shown in figure 21, 

The trend of the results is the sane as that observed 
with flaps up. In a typical approach condition (920 hp at 
a Cl of 2.0) a favorable neutral point shift due to the tilt 
of as much as 0.035 mean aerodynamic qhord is realized. With 
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2100 horsepower the shift is 0,05 mean aerodynamic chord at 
this Cl, "Figure 22 shows that the major "portion of the 
increase in stability came from the direct propeller forces. 
The A(AG m ) with tail Off is very nearly equal to that with 
tail on up to a Cr, of 1,6. As will "be shown later this is 
due to the fact th£t the slipstream passes under the tail, and 
thus there is very little difference in the change in pitch- 
ing moment resulting from the tilt for the two tail heights. 



Effect on Hinge Moment and Lift 

Elevator hinge moment for flaps up and flaps deflected 
38° is presented in figures 23 and 24, There is little or 
no change due to tilting the thrust line. This might he exw 
pected since ^C^^/di^ is small for the model tested and 

the average velocity over the tail is not changed to a very 
large extent due to tilt. 

The maximum lift coefficient, tail off, was decreased 
0*06 for flaps retracted and 0,0? for flaps deflected with 
2100 horsepower (fig. 25). The decrease in lift is directly 
traceable to the change in the vertical component of the 
thrust and normal force. The low— power maximum lift, which 
will he more frequently used, is decreased ah out 0,04, prob- 
ably a negligible amount. 



Effect on the Longitudinal Handling Qualities 

The longitudinal handling qualities were predicted for 
flaps up (fig*. 26) and flaps deflected (fig. 27) from the 
data previously presented for the various power conditions 
t e st ed, 

X1^2^X^l£ilct ed # — The stick force against velocity curves 
were computed for trim at Cj, = 0,6 which corresponds to a 
velocity of 160 miles per hour, a normal climb speed, figure 
26(a) shows that, with— 0.8° tilt, there is marginal stick- 
free stability with 2100 horsepower, while with 3450 horse- 
power marked instability exists. In contrast to this, with 
—5,5° tilt (fig. 36(b)) f considerable stability exists for 
the 2100-horsepower conditions, and the airplane becomes only 
marginally stable with 345 0 horsepower, It is obvious from 
the previous discussion that, since the tilt of the propeller 
axis does not affect the .elevator hinge moments, all the change 
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in the stick-free characteristics is due to the increase 
in the slope of G m against 0^, The increased variation of 

S e with Vi resulting therefrom (fig. 26) causes the more 
stable variation of stick force with ?i. 

As was pointed out in the Introduction, the maintenance 
of stability in the high— power low— speed condition necessi- 
tates that a high decree of stability be present under con- 
ditions where the power effects are small (e.g., high speed). 
This c ondi ti on is evident in f igure 26 ( a) where , in order t o 
obtain just marginal stability with 2100 horsepower, the basic 
stability must be so high that an excessive stick force per g 
(30 lb) is present in high— speed maneuvers. s If advantage is 
taken of the decreased effect of power made possible by the 
tilted propeller, the basic stability can be considerably 
decreased with a consequent reduction of the stick force per 
g. The decrease in stability normally would be secured by a 
decreased tail size, so that not only would a reduction in 
stick force result from a decreased dCm/dC^ but also from 
the decreased area of the elevator. The precise evaluation 
of such a saving could only be made by testing a reduced size 
tail. However, a result (which will be on the conservative 
side) can be obtained from the data available if the decrease 
in dCia/dOi is assumed to come from a rearward movement of 
the center of gravity fl (The advantage gained from reduced 
elevator area is not included in this procedure.) The char- 
acteristics for a 0.30 mean aerodynamic chord center—of— 
gravity position with -5.5° tilt of the propeller are shewn 
on figure 26(c). It will be noted that the stick force 
against velocity characteristics remain more stable than for 
the —0.8 tilt and 0,25 mean aerodynamic chord center-of-gravity 
position; and, in addition, a reduction of 10 pounds per g is 
realized in the stick force in maneuvers. 

Jla^s ^deflected.- The stick force against velocity was 
computed for a typical approach condition with the elevator 
assumed trimmed for a C L = 1.0 and a velocity of 124 miles 
per hour. In this attitude if there is a balked landing re- 
quiring the application of power or if power must be applied 
to maintain a given sinking speed, the airplane will become 
marginally stable with 920 horsepower at 120 miles per hour 
and will be unstable throughout the speed range with 2100 
horsepower (fig, 27(a) ) # In contrast, tilting the propeller 
gives satisfactory stability for 920 horsepower and marginal 
stability at about 90 miles per hour with 2100 horsepower 
(fig. 27(b)). 
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APPLICATION TO OTHEB DISI&HS 



It is the purpose of this section to show the coitt- 
pari son between experimental results and those which would 
he predicted from available theory. The demonstration of 
the computation of the results from this theory serves to 
illustrate the methods by which the effect of tilting the 
propeller" can be estimated for other designs,' 

The computation methods follow in general 1?hose out~ 
.lined in reference l p with some modification in detail. 
These c o.-iput at i ons naturally divide themselves into two 
parts: one dealing with the effects due to the direct pro- 
peller forces, the other dealing with the effects resulting 
from the changes in the slipstream insofar as it influences 
the contribution of pitching moment by the tail. 

Effects of Direct Propeller Forces 

Following conventional practice^ the propplier forces 
can be broken down into the component acting along the 
thrust axis and the component normal to the thrust axis. 
From reference to figure l s it is evident that the moment 
about the center of gravity produced by these forces will 
be as follows: 



AM prop - Tz + Up 



AC 



prop 



Jfp l; 



(i) 

(2) 



Substituting for T and- H the relations 



T - T P Y D 



(3) 



Hp= Car pn s D 4 = K sin 9 pn s D 4 (See note.) 



Note: The expression for the normal— force component is de- 
rived by the method cf G-lauert as described in reference 2 
(pp. 351-357) and as applied in reference 1. An alternate 
method which could be used with equally sat isf act ory results 
is the more recent development of Sibner (ocntinued on t>. 10) 
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gives the following: 

AC m . t c S2f * + *L 5in 9 IE! il (5) 



m prop y C S cj ^Y/nD^ SJ 



c 



Effect due Effect due 

to thrust to normal 
force 

For the purpose of determining the effect of propeller 
tilt, the absolute magnitude of ^mp ro p * s not 0 interest. 

Rather, the difference in Ac mprop* 4ue *° tbe of tllG 

propeller (referred, to hereafter as ^^^prop^* is to ^ e 
evaluated. This eliminates any large discrepancy in the 
absolute magnitude of ACmp ro p which might exist. Thus the 

effect of the tilt of the propeller in the case at hand will 
"be as f pllows 1 

Prop \ S / \ c c / 



2D 9 l 1 (H sina K sine _^3> 



( 7 / nD ) 2 (Y/nD) 



(6) 



By use of the above equation and the data of figures 6, 7f 
8, and 28, the effect of the direct propeller forces was 
comput ed -for the several power conditions, flaps up and flaps 
down* (Table I shows a sample computation for the 2100~hp , 



(Continued from p. 9) (references 3, ^, and 5)* Several trials 
have shown that the results obtained by either of the methods 
deviate about equal amounts from experimental results, provided 
the K used in Glauert * s method is derived from a C p against 

Y/nD cxirve of the actual propeller used.. If such data are 
not available, the modification of the K of a known propeller 
by Eibner r s "side-force factor 11 (reference 5) to take care of 
blade^shape -differences gives satisfactory results* 
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flops—up condition and serves as an illustrative example of 
the method/) The results and the corresponding experimental 
data obtained from the tail-off runs are shown on figures 29 
and 30. 

The comparison, "both with flaps up and flaps down, is 
good when considered on the basis of A(AC m p y ').■, * s 

worthy of note that the vertical force contribution to 

A(AC m ) consists almost entirely of a shift in the curve 

P r0 P 

and contributes very little change in slope. This suggests 
a considerable simplification of the computation by consider- 
ing only the T c term in the above expression for A(AC m )' f 

p X J j J 

since normally only the change in slope is of significance, 
the vertical shift of the curves being unimportant. If this 
is dono sad equation (6) is differentiated, considering the 
second term a constant, the following relationship results: 

l^SUS*) (6a) 
c / 

This equation is readily evaluated since for a given-, tilt 
of the propeller dTq/ dCjj is the only variable with C L , 




Effect on the Tall Pitching Moment 

In accordance with the procedure of reference 1 (and 

with the strplxfying assumption that a/q. 0 at the tail with 

power off is equal to l), the effect of slipstream on the 
tail pitching moment can be broken down into the following 
component s : 

"tail Peff di t U 0 P / e ff di t U 0 / e ff *\ 



. Effect due - Effect due to Effect - due 

to change c cm hin.ed -change. „ .. to changed 

-of downwa-sh in downwash and q in the 
in the .slip— q in -the slip— - slipstream 
stream stream 
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It is to be anticipated that tilting the propeller axis 
will affect the first and second terms by virtue of the 
difference in d ownwash increment due to power, This dif- 
ference v/ill arise from the fact that the vertical com- 
ponent of the thrust is decreased, so that from momentum 
considerations the d ownwash induced by the propeller will 
be decreased. This will be a stabilizing effect. In addi- 
tion, the changed downwash will result in a different juxta- 
position be tv/een the slipstream and the tail, so that a 
different area of the tail will be immersed. As a result 
(A<l/q 0 ) Gff » will be changed, and the second and third terms 

of the preceding equation will be affected. This infuence 
will be stabilizing or destabilizing, dependent on the load 
on the tail and the original location of the tail in the 
si ipstream. 

As was the case in considering the direct propeller 
forces, the absolute magnitude of '&G m ^ r ^^ is not of inter- 
est for this analysis, merely the difference in this quantity 
caused by tilting the propeller (referred to hereafter as 
A(A c m ta:i:L ) ) • However, this difference cannot be directly 

evaluated as it was for the direct propeller forces, but 

must be determined by first computing AC m . for each 

Dal i 

tilt of the propeller and then getting the difference. The 
steps involved in computing ACm are as follows: 



1. Determine the change in downwash behind the 
propeller. 



Note; It should be noted that dC m /dit is the power-off 
value measured at an angle of attack where the tail is free 
of wake effects. This is normally the highest dC m /di t 

measured throughout the angle~of~at tack range. In contrast 
c mt 0 is th " actual pitching-moment contribution of the tail, 

power off, that is, the difference between the tail-on and 
tail-off pitching moment at each angle of attack. 

Hormal deviations from the assumption of free— stream 
dyuamic pressure at the tail with power off will not cause 
significant differences in AG mtail as determined from equa- 
tion (7). If an abnormally large * deer ease in dynamic pressure 

exists, the factor (q/q 0 ) ^ should be inserted in the 

' p ow er of i 

first term of equation (?) and ( <Iq/ O-ppwer off in the ias * term. 
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2. Determine the location of the tail in the slip-* 
stream and the portion of the tail area immersed. 

3. Determine the effective values of Aep and 
Aq/ q Q f or substitution in equation (?)■.• 

The foregoing procedure must "be repeated for the two 
tilts of the propeller under consideration. The differ- 
ence in ACjvj, computed therehy will he the eff ect of 
x a X X 

tilt of the propeller. 

The change in downvash is computed hy the method of 
Glauert (pp. 357 to 359, reference 2) with an added term 
to take care of the fact that 8 does not equal aj 
(fig. 31) as it does in Glauert's original analysis. (See 
append ixe s B and C . ) Thus , 

P 11 power on v J ' 

„ _ (2a) (1 + a) (1 + k) 

& i - ~" — — -» — — — ~~ - ( 9 \ 

(l + 2a) [1 + a(l K) ] 

2ak (1 - a) , 
K s = 1— ~ ~~ (10) 

(1 * 2a) [1 + a (.1 + k)] 



where K ic the function of V/nD and blade angle for an 
inclined propeller used previously for determining the normal 
force acting on the propeller , and is defined as 

K = 0.365 C p (7/nB) (l - X JL 

P " ' S nD 2e p d( V/nD) / v ' ; 

The variation of K ± and K B with A T C and K/(7/nD) 2 
is shown on figure 32. 

With the value of A e p determined, the location of 
the slipstream and the area of the tail immersed therein 
can he determined either graphically or .analytically from 
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the geometrical considerations outlined in figure 33,* 

In accordance with Smelt and Davie s (reference 6) the 
effective values of A$p and Aq/q 0 are as follows: 



p * ff s tail 



( 12) 



Aq - = x /^t.iro merged^. s 



q. 



o eff 



s tail J 



(13) 



off 



S tail ^ 



( 13a) 



where 



r - 



s = -1 + J I + | T c (14) 

and \ is an empirical factor which for usual relations of 
si ips t r cam and immersed tail will he 1. 



* T h i s procedure i s "based on the ass ump t i on s outlined i n 
reference 1, that the slipstream remains subs t ant ially cyl- 
indrical , Despite the distortion of the slipstream which is 
known to exist, the airplanes of reference 1, and at least 
f ive other airplanes to which the method has "been a pplied, show 
that .the average Ac p and the , Aq/q 0 in the slipstream com- 
puted' from such as sximpt ions correspond quite well with experi- 
mental observations. It is true that there is a further change 
in downv/ash induced by the propeller in the flow outside the 
slipstream. This change arises from the changed vortex system 
of the wing in the slipstream flow. (See Koning, p, 411, refer- 
ence 2 # ) If absolute magnitudes of A0 m ^ a ^ 1 were of interest 

this d ownw ash would hav e to 
the the difference in AG m 



be evaluated. However, since only 



is concerned, only the 



due to tilt of the propeller 
in A € v due to the propeller 
the assumption that tilting the propeller 



tail 
difference 



need be evaluated, On 
will not appreciably affect the wing vortex system, the differ- 
ence due to tilt of the propeller will consist entirely of that 
arising from the reduced vertical component of the thrust. 
This quantity is evaluated by equation { 8) . 
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Substitution of the appropriate values of A € p e ff » 

(~^V e ff $ and (~5 x Ac-p^ in equation (?) then results 

♦ 

in ^ G nit^ i ii» should "be observed that dC m /di t and 

Crji are the values estimated, or determined from power-*- 

off tests, 

The foregoing procedure has been carried out for four 

tail heights, for both propeller tilts, and the value of 

A(AC m ^ ^) then determined. (An illustrative computation 

for the flaps— up, 3100— hp conditions is given in table II.) 

The tail heights are 0, 2.25 (normal t ail . pos it ion) t 
4.50 (raised tail position), and 6.75 feet above the refer- 
ence line which covers the, range likely to be found in normal 
designs. In terms of the propeller dimensions the heights 
are appr oxiaiately 0 } 1/ 3E , 2/3R, and E above the refer- 
ence line. The computed values of &(&Q m ^^^) are shown on 

figures 34 and 35. They furnish an idea of the magnitude of 
the effects of tilt of the propeller on the tail, and the 
rate at which these effects change with tail height. It will 
be observed that, with flaps up, the normal tail is in the 
position which experiences close to the maximum effect, 
amounting to a change in ^C^/dC^ of -0.022 $t a of 
0. B (compared to —0.046 obtained from the direct propeller 
forces). The higher tail pqsrtions are farther from the 
center of the slipstream and, therefore, less affected by 
it. To give a physical picture of this effect, and to 
clarify the steps of the computation, figures 36 and 37 
have been prepared showing the relative location of the tail 
and slipstream, the tail area immersed and the magnitude of 
the A€p and Aq/q Q effect. As shown on figure 37, with 
flaps down, the slipstream is below the tail for the major 
part of the operating range and, therefore, ^^nitail^ is 
zero. Reference to these two figures will aid in following 
the computation outline of tables I and II. 

The extent to which the experiment confirms the computa- 
tions is shown Gn figures 38 and 39, where the summation of 
the computed effect of the direct propeller forces and the 
tail effects is compared with the experimental determination. 
JPor the flaps— up condition, where a major portion of the tail 
is immersed in the slipstream, the computations tend to over— 
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estimate the effect of the tilt of the propeller on the tail. 
This is probably due to the slipstream being distorted rather 
than the idealized cylindrical shape. The fact that some 
small effect is measured flaps down, when the computat at icns 
indicate the tail to he just out of the slipstream, fits in 
with the hypothesis. It is worthy of note that the theory 
indicates the proper trend; that is, the reduced effect of 
tilt on the raised tail, which was measured (fig. 15), is 
predicted (fig. 34). 

The over— all accuracy of the method can be judged on 
the basis of figures 38 and 39. At the higher powers (where 
the effects of experimental scatter are less pronounced) the 
predicted increment in A(ACb) tends to run between 1.1 and 
1.2 of that measured. It is believed that such a check is 
close enough to justify use of the method in analyses which 
are made in the prelininaTy design stage and will serve to 
evaluate with sufficient accuracy the benefits to be obtained 
from tilt of the propeller. 

COKCLTOISO E3MAEKS 



The experimental results are considered to show quite 
definitely the advantages to be gained by a downward tilt of 
the propeller. It is clearly indicated that a 5° downward 
tilt of the propeller will cause a rearward shift of the 
neutral point ranging from 0. 05 to 0.10 mean aerodynamic 
chord at normal climb lift coefficients with power typical 
of modern airplanes. This should considerably ease the dif- 
ficulty of obtaining stability under these high-power low— 
speed conditions, so that a reduction in the high— speed 
stability, \iheve power effects are negligible, would be per- 
missible. Advantage can then be taken of this fact in order 
to ease the elevator balance requirements for the attainment 
of low stick forces per g. 

The generalization of the results is made possible by 
th<3 use of the computation procedure outlined. It is believed 
that the check between the over— all experimental and predicted 
results is sufficiently close to justify use of ■ the method in 
the preliminary design stage. 



Ame s A e r c n au t i c a 1 Laborat o r y , 

national Advisory Committee for Aeronautics, 
Moffett Field, Calif, ? May ?9 ? 1944. 
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APPENDIX A 
Synhols 

The following synhols are used in 'this report. Where— 
over i>ossible standard synhols have been used. 

C L lift coefficient 

Ojj drag coefficient 

C n p i t c h i n g— n on e n t coefficient 

AC n change in pitching— uonent coefficient due to 
pro-!-) ° - r / o 

x J: direct propeller forces 

AC^ change in pitching- nonent coefficient due to 

• slipstrean on tail 

AC~ simnation of AC n + AC™ 

n "prop °tail 

A(AO n ) .increment in AQ^ due to propeller tilt 

dG u /di-fc rate of change of pitching— nonent coefficient 
with tail incidence 

C IU ^ pitching xvonent due to tail, with power off 

0 If power— off force tests are availaolej this 

can he determined from difference "between 0 m 

with tail on, C m with tail off; at equal a 
(not equal C^) 

D propeller diameter 

E propeller radius 

? airspeed 

n, revolutions of propeller per second 

p air density 

P power input to propeller 

0^ power coefficient 



(pJd 5 
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T axial propeller thrust 

T_ thrust coefficient 



Hp for co normal to propeller axis duo to inclination 

of propeller to air stream 



propeller normal— force coefficient 
K propeller normal— force factor, 



0.365 o p (iVi - i -i- -He-") 

p \nD/ \ nD 2C p d(7/nD)y 

(See fig. 7 for variation of K vs V/nD 
for test propeller at 0 - 21.0°.) 

K x parameter for det ermining downwash behind 

inclined propeller due to arp 

K B parameter for determining downwash "behind 

inclined propeller due to Aa 



factor used in computing K x and K 2 



a angle of refer once axis to relative wind 

aj angle of propeller thrust axis to relative wind, 

a + tilt of the propeller 

^ a p ower off wing up wash at propeller disk without slip- 
stream inflow (upf low positive) 

Aa p0wer on wing upwash rt propeller disk with slipstream 

inflow 

9 inclination of propeller axis to rosultant direc- 

tion of wind at horizontal center line of 
propeller disk (corp + ha) 

dS/da ratio of rate of change of 8 to a (dependent 

on distance ahead of wing, fig. 28) 
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e w down-wash, "behind wing, with power off (to be 

taken as that at center line of wake unless 
slipstream is very much above or below wing) 

A«p increment in downwash, in slipstream due to 

propeller forces 

A€p that part of Afp due to 

A^p that part of Acp due to Aa 

q local d y n am i c p r essure 

q. free— stream dynamic pressure 

.Aq. { q — c[ o ) in slipstream 

(Acp) ^ ~\ effective change in these two quantities as 

> I determined by change in tail pitching 

(Aq/qL 0 ) dff J moment 

a velocity increment factor at propeller disk 

V(l-Ka) air velocity through propeller 

s v e 1 o c i t y i n cr em en t factor b a c k of p r op e 1 lor 

/ / q m N 

disk ( -1 Wl + — ^ ; 
\ * / 

V(l-fs) air velocity back of propeller disk in the 

slipstream 

S wing area 

S t tail area 

S e elevator area aft of hinge line 

b wing span 

span of tail immersed in slipstream 

c w in g me an a e r ody n am i c chor d 

. average chord of tail immersed 
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area of tail immersed in slipstream 
1 (bt i °ti) 

e~ average elevator chord af t of hinge line 

i^ tail inc idence tor of er ence line 

8 e elevator angle | degrees 

\ x distance from propeller disk to center of 

gravity of airplane (measured parallel 
to thrust line ) 

1 2 distance from center of gravity to elevator 

hinge line (measured parallel to thrust 
line) 

z distance from center of gravity to thrust 

line, positive when center of gravity is 
above thrust line ( neasured perpendicular 
to thrust line) 

distance from elevat or hinge line to reference 
axis, positive when tail is above reference 
axis (measured perpendicular to reference 
axis) 

h{. distance from slipstream center line to tail, 

p o s iti ve v/h en si ips t ream is above tail 



H elevat or hinge moment 

Gh p elevat or hinge— moment coefficient 



-s, 5 ^ 

~*-0, 6 * 



(. - ^ 

\<l S e c e J 



dGh /di^ rate .of change of elevator hinge— moment co- 
^ of f ici en t with tail inc idence 

J elevator stick force 

g acceleration of gravity (32.2 ft/sec 53 ) 
Subscript s 



magnitude of tilt of the pr opelle r axis 
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APPENDIX B 



In the cc-rvputat ion of the normal force acting cm a 
propeller in the presence of a wing it is necessary to 
know the additional effective tilt of the propeller ( Aa) f 
caused "by the upwash in front of the wing, In the report 
this has teen expressed as 

_ d (Aa p0 wer off) ( * 

Aa power off * — 1 



, (^ a power off) (B2) 

1 + ay 

■Che relation between the power— off and the power— on Aa takes 
into account the increased axial velocity at the propeller 

^(A^power off) 

(fig, 40) due to inflow. The value of — — • — ~- — is 

dCi 

given in figure 38 as a function of the two main variables, 
wing asoect ratio and distance forward of the wing quarter- 
chord line, (Vertical location of propeller assumed to be 
sufficiently close to x— axis of wing so that it is not a 
significant variable,) This variation has been derived as 
f oilowst The dewnwash € at any point along the x— axis of 
the wing with elliptical span loading will be 

€ = -2 € 0 

Tf 



who r e 

b 



^ a power on 
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and e 0 is the down wash at the lifting line 

°T 

e 0 * -7 (E4) 

and in the terms of the sign conventions of this report 

Aa - — c 

Substituting in equat ion (B.3); and diff ore.nti.at ing gives 



d(AaL. H B _ P / x _ * a - n 8 \ an ( B5 ) 

dc L dc L tt^a J X ■ x j ./TTT^rrs 



The curves of figure .38 are a plot of this equation for 
various values of and aspect ratio. 
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APPENDIX 0 



In this approndix the symbol not ati on used "by &lauert 
in reference 2 is used, rather than that of the main body 
of this report t so that ready cross reference can be made. 

Glauert in reference 2 (pp» 357—360) develops a rela- 
tion between the side force I on a propeller and the 
increased angle of downwash € behind it. #or the case 
considered the side force is proportional and 



T = pT (01) 
p - k{9- 0 (02) 

where 

k-MS fx _ ±x^l „ 0 .365 0 p (IS) (l-JL ^- X -J2*J) 
TH L 2 q c d \ j p VnD / \ xiD 2 C p d ( 7/ nD ) / 

The angle ( 9— e) as shown in figure 123 of reference 2 is 
the inclination of the propeller at the propeller disk. In 
the case of a propeller in the presence of the wing, the 
inclination of the propeller is increased by £a, the up- 
wash in front of the wing at the propeller disk. (See fig* 
40 of this report,) Thus for this case 



0 = K(0-€ + Aa) (03) 

Substitution of this expression for p (instead of equation 
( 02) ) in the equations 

(04) 
(05) 





w 


a 


e~p 


V+ w 


1+a 




2w 


2 a 


e+p 


V+2w 


1+2 a 



results in the following 
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a(l + k)6 A a Ic a 



(06) 



1 + a( 1+ k) (1- a) [l + a(l + k) 3 



and 




'8 (2a) (l+a) (l+k)^ A a 2ak (l+ a) 



(07) 



-(1+ 2 a) [l + \a(l + k)V (1+ 2 a) [1+ a(l+k)] 



It will be noted that the first term of each of the above 
equations is that due to the inclination of the propeller 
to the- free stream and is eqxial to the G-lauert expression 
for same, The second term is the supplemental downwash 
arising from the increase in propeller normal force due to 
the wing upwash. 

In the report and Kg are defined in accordance 

with equation (07) so that 



The variation of K x and Z g with K/(V/nD) S and 
T c is given in f i gu r e 32 . 



(C8) 
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Fig', 3 




(a) Normal tail 




(b) Revised tail 

Figure 3.- Single-engine airplane model mounted in the 
7-bj 10-foot tunnel. 
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Figure 3. - Three views of a 3/16- 

seals Model of a g 
e ingle- engine airplane. R ^ 
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Figure ?.- Variation of K with V/nD for model propeller at a "blade 
angle of 21,0° at 0,75 radius. 
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Figure 26(a to o) . - Effect of propeller operation on longitudinal handling characteristics 

of a single -engine airplane with two tilts of the propeller axis. 
Normal tail position, flaps up. 
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Figure 26 . - ( Cont inued ) . 
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Figure 36. - (Concluded), 
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Figure 28 Variation of upwash with distance ahead of l/4 
chord line of elliptic wings of various aspect 

ratios, 
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Figure 37 (a to e).- Schematic pictures of elipsxream location with two tilts of the 
propeller axis. Normal tail location, flaps deflected 38°, 3100 horsepower. 
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Fig. 37c, d,e 




yiguxe 37. - (concluded). 



